The isobutyryl-CoA dehydrogenase (IBD) enzyme is involved in the degradation of valine. IBD deficiency was first reported in 1998 and subsequent genetic investigations identified acyl-CoA dehydrogenase (ACAD) 8, now IBD, as the gene responsible for IBD deficiency. Only three individuals homozygous or compound heterozygous for variations in the IBD gene have been reported. We present IBD deficiency in an additional four newborns with elevated C 4 -carnitine identified by tandem mass spectrometry (MS/MS) screening in Denmark and the United States. Three showed urinary excretions of isobutyryl-glycine, and in vitro probe analysis of fibroblasts from two newborns indicated enzymatic IBD defect. T he acyl-CoA dehydrogenases (ACAD) (EC 1.3.99) are a family of nuclear-encoded mitochondrial enzymes involved in the metabolism of fatty acids and branched chain amino acids (1-3). Inherited deficiencies of the ACADs are important causes of metabolic disorders. During the catabolism of valine and isoleucine, the branched side chains are converted into isobutyryl-CoA and 2-methylbutyryl-CoA, respectively. These dehydrogenations were initially suggested to be carried out by one enzyme, the short branched chain acyl-CoA dehydrogenase (SBCAD) (2,4). However, identification of the ACAD8 gene, which encodes isobutyryl-CoA dehydrogenase (IBD), and subsequent functional analysis, demonstrated that IBD is responsible for the conversion of isobutyryl-CoA to methacrylyl-CoA in the valine metabolism (5,6). The first patient with IBD deficiency was reported in 1998 (7) and genetic analysis revealed homozygosity for the IBD c.905GϾA (Ala302Gln) variation (3). Tandem mass spectrometry (MS/MS) based newborn screening is established in several countries world wide, and allows early detection and intervention of a wide range of metabolic disorders (8). With the addition of IBD deficiency to the list of metabolic disorders, the number of metabolites that must be traceable to identify specific inborn errors of metabolism has increased. Acyl-carnitine profiles representing elevated C 4 -carnitine may either indicate IBD deficiency or short-chain acyl-CoA dehydrogenase (SCAD) deficiency, as the routine MS/MS analysis does not allow discrimination between the C 4 -metabolites, isobutyryl-carnitine and butyryl-carnitine, which accumulate in these enzyme defects (7,9). SCAD (EC 1.3.99.2) is a mitochondrial fatty acid oxidation enzyme involved in the dehydrogenation of butyryl-CoA into crotonylCoA. To discriminate between SCAD deficiency and IBD deficiency, the MS/MS analysis of newborns with elevated C 4 -carnitine requires further evaluation for follow-up. Gas Received January 11, 2006; accepted April 13, 2006 
T he acyl-CoA dehydrogenases (ACAD) (EC 1.3.99) are a family of nuclear-encoded mitochondrial enzymes involved in the metabolism of fatty acids and branched chain amino acids (1) (2) (3) . Inherited deficiencies of the ACADs are important causes of metabolic disorders. During the catabolism of valine and isoleucine, the branched side chains are converted into isobutyryl-CoA and 2-methylbutyryl-CoA, respectively. These dehydrogenations were initially suggested to be carried out by one enzyme, the short branched chain acyl-CoA dehydrogenase (SBCAD) (2, 4) . However, identification of the ACAD8 gene, which encodes isobutyryl-CoA dehydrogenase (IBD), and subsequent functional analysis, demonstrated that IBD is responsible for the conversion of isobutyryl-CoA to methacrylyl-CoA in the valine metabolism (5, 6) . The first patient with IBD deficiency was reported in 1998 (7) and genetic analysis revealed homozygosity for the IBD c.905GϾA (Ala302Gln) variation (3) . Tandem mass spectrometry (MS/MS) based newborn screening is established in several countries world wide, and allows early detection and intervention of a wide range of metabolic disorders (8) . With the addition of IBD deficiency to the list of metabolic disorders, the number of metabolites that must be traceable to identify specific inborn errors of metabolism has increased. Acyl-carnitine profiles representing elevated C 4 -carnitine may either indicate IBD deficiency or short-chain acyl-CoA dehydrogenase (SCAD) deficiency, as the routine MS/MS analysis does not allow discrimination between the C 4 -metabolites, isobutyryl-carnitine and butyryl-carnitine, which accumulate in these enzyme defects (7, 9) . SCAD (EC 1.3.99.2) is a mitochondrial fatty acid oxidation enzyme involved in the dehydrogenation of butyryl-CoA into crotonylCoA. To discriminate between SCAD deficiency and IBD deficiency, the MS/MS analysis of newborns with elevated C 4 -carnitine requires further evaluation for follow-up. Gas chromatography/mass spectrometry (GC/MS) analysis is used for quantification of the urine organic acids, ethylmalonic acid (EMA), methylsuccinic acid and n-butyrylglycine, all indicative of SCAD deficiency (9), while isobutyryl-glycine is suggestive of an IBD-related defect (10) . However, the isobutyryl-glycine may not be elevated and genetic analysis should be performed to identify a possible defect in either SCAD or IBD. Three children have been reported with variations in the IBD gene; two newborns (11) and a clinically symptomatic patient (3, 7) . Yet another newborn was identified by MS/MS screening, but genetic analysis was not performed (9) . The functional consequences of the identified IBD variations have not been evaluated, except for the Ala302Gln (c.905GϾA) variant protein, which was inactive upon expression in E. coli and in mammalian cells (3) . Protein structure and folding studies have demonstrated that disease-associated variations in the ACAD genes often cause protein misfolding and instability (12, 13) . The SCAD enzyme was shown to be very susceptible to misfolding due to a number of amino acid alterations (13) , and variations in the medium-chain acyl-CoA dehydrogenase (MCAD) enzyme may also cause misfolding and/or increased thermal instability (12, 14, 15) .
In this study we identify seven new rare variations in the IBD gene in four newborns with elevated C 4 -carnitine detected in Danish and US MS/MS screening programs. We investigate the functional consequences of some of the newly identified IBD variations by overexpressing the variant IBD proteins in Chang cells. Protein folding abilities are evaluated using an established mitochondrial folding/processing assay.
METHODS
Patients. Newborn A is a healthy Danish girl born at term after a normal pregnancy with birth weight 3,900 g, length 55 cm, and head circumference 38 cm. She was the only newborn identified with elevated C 4 -carnitine in the Danish MS/MS screening of 50,000 newborns. The blood spot C 4 -carnitine was 1.1 M (cut-off level Ͻ 0.93 M) on day 8, decreasing to 0.8 M (cut-off level Ͻ 0.52 M) in a confirmatory sample obtained on day 24. GC/MS analyses revealed slightly increased isobutyryl-glycine. Plasma amino acids were not elevated. Initial plasma carnitine was slightly reduced (total 29 M; control 30 -73 M), while free carnitine was in the control range at follow-up at age 2.5 y. She receives no carnitine supplementation or other medications. Her psychomotor development, language development, and growth have been normal. She recovered normally from a number of intercurrent illnesses, but during these episodes she received extra carbohydrates.
Newborn B is a Native American girl born to non-consanguineous parents. She was small for a full-term infant. She was identified in the MS/MS screening of 9,198 babies in South Dakota, and all babies with elevated C 4 -carnitine were further evaluated by plasma acyl-carnitine and organic acid analysis. Newborn screening on day 1 showed elevated C 4 -carnitine (2.9 M; cut-off level Ͻ 1.53 M), followed by a repeated elevation on day 8 (2.6 M). GC/MS analysis of urine revealed slightly increased EMA and unremarkable isobutyryl-glycine. Echocardiogram at age 1 y showed mild branch peripheral pulmonary stenosis, but no evidence of cardiomyopathy. At age 3 y, 10 mo (15.6 kg and 101.6 cm), she was completely asymptomatic with no significant developmental delays. She did have somewhat decreased muscle tone as an infant. She is currently receiving L-carnitine (32 mg/kg/d) therapy.
Newborns C and D were identified with elevated C 4 -carnitine in the MS/MS screening of 900,000 newborns in North Carolina, and all babies identified with elevated C 4 -carnitine and all were further evaluated by plasma acyl-carnitine profiles and urine organic acids (16) .
Newborn C is an American-born girl of Caucasian ethnicity born after a normal pregnancy; no known consanguinity. Newborn screening on day 2 revealed elevated C 4 -carnitine (3.23 M; cut-off level Ͻ 1.53 M), and a repeated elevation (2.33 M) was observed on day 18. A follow-up plasma acyl-carnitine profile revealed C 4 -carnitine of 1.52 M (control Ͻ 0.46 M), and urine organic acids showed elevated isobutyryl-glycine. Plasma C 4 -carnitine remained slightly elevated (median 0.54 M, range 0.29-2.81 M; control Ͻ 0.46 M), and isobutyryl-glycine was infrequently present in urine. Plasma carnitine (total and free) was in the control range. Motor development and early speech development was normal; however, at age 5 y she received therapy for moderate expressive speech delay. Growth was normal, although height was at the 90 -95 th percentile, weight at the 75 th percentile, and head circumference at the 50 th percentile. The patient was treated with a valinerestricted diet, riboflavin (100 mg/d), and L-carnitine (300 mg/d) supplementation. During any febrile illness she received supplemental carbohydrates until symptoms had abated.
Newborn D is an Native American boy born after a normal pregnancy with birth weight 3,610 g and length 52.7 cm. He has two older, clinically unaffected siblings and there was no known consanguinity. Newborn screening on day 5 revealed elevated C 4 -carnitine (2.41 M; cut-off level Ͻ 1.53 M), and a repeated profile on day 37 showed 2.40 M. A plasma acylcarnitine profile revealed C 4 -carnitine of 1.84 M (control Ͻ 0.46 M), and urine organic acids revealed elevated isobutyryl-glycine. Plasma C 4 -carnitine level remained slightly elevated (median 1.07 M, range 0.54 -2.39 M; control Ͻ 0.46 M), and isobutyryl-glycine was infrequently present in urine. Plasma carnitine (total and free) was initially elevated (total 94 M; control 25-66 M), but dropped into the control range by 9 mo. Motor development and early speech development was normal; however, at 2 y he received therapy for speech delay. He has had recurrent ear infections with effusions. Growth was normal; although height was at the 75-90 th percentile, weight at the 75 th percentile, and head circumference at the 50 th percentile. The patient was treated with a valine-restricted diet, riboflavin (100 mg/d), and Lcarnitine (280 -400 mg/d) supplementation. He had several episodes of lethargy during infancy, but evaluation by a pediatrician revealed no significant abnormalities. During any remarkable illnesses he received supplemental carbohydrates, until symptoms had abated.
Relevant informed consents have been obtained, and appropriate institutional review boards in Denmark and the US approved the use of control material.
In vitro probe analysis of cultured patient fibroblasts. For in vitro probe analysis, skin fibroblasts from newborn C were incubated with 800 M [U-
13 C]-valine ( 13 C-labeling of all carbon atoms) and 400 M L-carnitine according to (9) . In two separate assays, fibroblasts from newborn B were incubated either with 800 M [U-
13 C]-valine and 400 M L-carnitine, or with 200 M 16-2 H 3 -palmitate (three deuterium labels on carbon-16 atom) and 400 M L-carnitine as described in (7, 17) .
PCR amplification and sequencing. DNA was extracted from whole blood or dried blood spots (Guthrie cards) using a kit (Gentra Systems). PCR amplification of IBD exons and surrounding introns was performed as described elsewhere (3) . PCR fragments were sequenced on a 3100-Avant genetic analyzer using BigDye® Terminator v1.1 Cycle Sequencing kit (Applied Biosystems).
Allelic discrimination. Samples were genotyped for the IBD c.409GϾA and c.958GϾA variations using unlabelled PCR primers and fluorescence labelled TaqMan probes for single nucleotide polymorphism (SNP) genotyping (Applied Biosystems). Details are available on request. The TaqMan™ PCR was performed on an ABI PRISM® 7700 (Applied Biosystems) according to the manufacturer's instructions.
Plasmid construction. The coding region of human IBD cDNA was cloned between HindIII and ApaI sites of the pcDNA3.1ϩ expression vector (InVitrogen) (6) . The variations, c.409GϾA (Gly137Arg) and c.958GϾA (Ala320Tha), were introduced into the pcDNA3.1-IBD wild type plasmid between PflmI and AscI, and BspEI and BlpI sites, respectively, using PCR-based mutagenesis. Correct orientation and sequence of the inserts were confirmed by sequencing. Construction of pcDNA3.1-IBD 905GϾA (Arg302Gln) is published elsewhere (3) .
Expression of wild type and variant IBD proteins. Transfection of Chang cells was performed with 11.25-g plasmid DNA using the FuGENE 6 reagent (Roche Molecular Biochemicals), and cells were harvested 48 h post-transfection. Western blot analysis was performed as previously described with an antibody raised in rabbits against a recombinant human IBD protein (3, 6, 13) . The activity of overexpressed IBD enzymes were measured in lysates supplemented with isobutyryl-CoA (0.2 mM) with ferricenium ion as electron acceptor. The formation of methacrylyl-CoA was quantified using HPLC (HPLC) as described elsewhere (6) .
Mitochondrial folding/processing assay. IBD biogenesis/turnover was investigated in isolated rat liver mitochondria essentially as described in (13) . In brief, in vitro transcription and translation of IBD cDNA in pcDNA3.1ϩ was performed in rabbit reticulocyte lysate (Promega) in the presence of [ 35 S]-methionine (10Ci/L, Amersham Biosciences). The reaction was stopped by adding cycloheximide at 0.15 g/mL final concentration. Isolated rat liver mitochondria were incubated with the radiolabeled IBD protein for 30 min at 26°C (pulse), followed by 3 h at 37°C (chase). Aliquots were 316 withdrawn at different time points (10, 30, 60, 120 , and 180 min) and treated as described (13) . The supernatant was analyzed by non-denaturing (native; 4 -15% gel, BioRad) and denaturing (SDS; 12.5% gel, BioRad) PAGE. The pellet fraction was analyzed by denaturing PAGE (SDS; 12.5% gels, BioRad). Visualization of radiolabeled protein was performed on a Phosphoimager (STORM 804) and quantification was done using the ImageQuant software (Amersham Biosciences).
RESULTS

Genetic analysis of children with elevated c 4 -carnitine.
Newborn A was identified in the Danish MS/MS newborn screening with an acyl-carnitine profile showing C 4 -carnitine above the cut-off level (Table 1) . GC/MS analysis of urine from newborn A did not show increased levels of EMA, a biochemical marker of SCAD deficiency, but documented small amounts of isobutyryl-glycine, pointing to an IBDrelated defect. Accordingly, we performed sequence analysis of all exons and flanking introns in the IBD gene. We found heterozygosity for two variations, c.409GϾA in exon 4 and c.958GϾA in exon 9, causing the amino acid substitutions Gly137Arg and Ala320Thr, respectively (Fig. 1) . Analysis of the IBD gene in both parents showed paternal inheritance of the c.409GϾA variation, while c.958GϾA was maternally inherited, thus confirming compound heterozygosity in newborn A. Carrier frequencies of these variations in the Danish population were examined by analysis of 415 control individuals using a specific assay (see Methods section). One carrier of the c.409GϾA variation was identified and confirmed by sequence analysis, whereas no c.958GϾA carriers were found. Data are summarized in Table 1 .
Three newborns (B, C, and D) were identified with elevated blood spot C 4 -carnitine (Table 1) in US newborn screening programs. Follow-up GC/MS analysis of urine samples from newborns C and D revealed small amounts of isobutyrylglycine, suggesting an IBD-related defect. Fibroblasts from newborns B and C were tested by in vitro probe analysis; fibroblasts were not obtained from newborns A and D. In two separate assays, fibroblasts from newborn B and controls were incubated with either 16-2 H 3 -palmitate or [U-13 C]-valine according to published methods (7). Incubation with 16-2 H 3 -palmitate and L-carnitine revealed a three times higher level of unlabelled C 4 -carnitine compared with 2 H 3 -butyrylcarnitine, and incubation with [U-
13 C]-valine and L-carnitine resulted in 20-fold higher accumulation of [U-
13 C]-isobutyrylcarnitine, but also a 2-fold higher level of unlabelled C 4 -carnitine. Fibroblasts from newborn C were incubated with [U-
13 C]-valine and L-carnitine, and increased accumulations of [U-
13 C]-isobutyryl-carnitine were detectable in the culture medium (0.93 M; control 0.013 Ϯ 0.004) (9). These results indicated decreased IBD enzyme activity in newborns B and C, but may also indicate a mild decrease of SCAD enzyme activity. We performed sequence analysis of all exons and flanking introns in the IBD gene from newborns B, C, and D. Newborn B was compound heterozygous for a c.455TϾC (Met152Thr) variation in exon 4 and a c.1154AϾG (Gln385Arg) variation in exon 10 ( Fig. 1) . Analysis of a healthy older half-sibling, who was heterozygous for the c.455TϾC variation, indicated that c.455TϾC and c.1154AϾG segregate on separate alleles. In newborn C we found compound heterozygosity for a c.348CϾA variation in exon 3, changing cysteine 116 to a stop codon (Cys116Stp), and a c.1000CϾT variation (Arg334Cys) in exon 9 (Fig. 1) . Analysis of the parents showed that these variations were located on different alleles. Newborn D was homozygous for a c.400GϾT variation (Asp134Tyr) in exon 4 ( Fig. 1) , and analysis of the parents showed heterozygosity for this varia- (18) No data published Table 1 .
Because the C 4 -carnitine elevations identified by the routine MS/MS analysis were not further separated and because fibroblasts from newborn B and from the first reported IBD patient (Patient E in Table 1 ; (3,7)) showed a two-fold increase of unlabelled C 4 -carnitine when incubated with [U-
13 C]-valine, a mild decrease of SCAD enzyme activity cannot be excluded. Accordingly, the promoter region and all exons in the SCAD gene were analyzed in newborns A, B, C, and D. We found heterozygosity for the prevalent c.625GϾA SCAD susceptibility variation in all four newborns. No other variations were identified, except for heterozygosity for a silent c.669GϾA (F55F) variation in newborn C. Also, Patient E showed heterozygosity for the c.625GϾA variation. These findings demonstrated simultaneous presence of variations in the IBD gene and the prevalent c.625GϾA SCAD susceptibility variation in all five individuals investigated.
Overexpression of variant IBD proteins in Chang cells. To investigate the functional consequences of the IBD variations c.409GϾA (Gly137Arg) and c.958GϾA (Arg320Thr) identified in newborn A, and of the previously published c.905GϾA (Arg302Gln) variation in patient E, these variant proteins were overexpressed in Chang cells. Isobutyryl-CoA conversion to methacrylyl-CoA was measured in whole cell extracts (Fig. 2) and the steady state levels of IBD protein were examined by Western blot analysis (Fig. 3) In vitro folding of variant IBD proteins in isolated mitochondria. We investigated biogenesis and turnover of variant IBD proteins using a previously described mitochondrial folding/processing assay (13) . In a pulse-chase experiment, isolated rat liver mitochondria were incubated with in vitro synthesized radiolabeled IBD proteins (wild type, Gly137Arg, Arg302Gln or Ala320Thr) for 30 min at 26°C ("pulse") followed by 3 h at 37°C ("chase"), and aliquots were removed at different time points. Solubilized mitochondria were fractionated by centrifugation and soluble IBD protein remained in the supernatant, whereas the pellet fraction contained insoluble IBD protein. Folding abilities of the newly imported IBD proteins were examined by native PAGE analysis (Fig.  4A) . The native gel showed that all IBD proteins were im- 318 ported into the mitochondria and associated with mitochondrial chaperones (hsp60). The hsp60 chaperone association has been verified by western blotting previously (13) . Wild type IBD protein was rapidly released from the hsp60 chaperone complexes and assembled into tetramers. Also the IBD Arg302Gln variant appeared to be capable of forming tetrameric protein, albeit in reduced amounts compared with the wild type. The IBD Gly137Arg variant, which was undetectable on the Western blot (Fig. 3) , exhibited prolonged association with hsp60 and was very slowly released from the chaperone complexes without forming tetramers, indicating that this IBD variation confers inability of the variant protein to reach the functional tetrameric conformation. Also the IBD Ala320Thr protein variant demonstrated increased chaperone retention with a low production of IBD tetramers.
To examine turnover of the variant IBD proteins, total amounts of soluble (Fig. 4A, upper panel) and insoluble (Fig. 4B, upper panel) IBD protein was investigated by SDS-PAGE. These results demonstrated a reduction in soluble IBD Gly137Arg variant protein, whereas wild type and the other variant IBD proteins, Arg302Gln and Ala320Thr, remained soluble throughout the incubation time. According to the insoluble fraction, IBD Gly137Arg variant proteins appeared to precipitate rather than being degraded, thus demonstrating a severely impaired folding. Figure 4C represents a quantitative illustration of the native and SDS-PAGE analyses in Fig. 4A and B.
DISCUSSION
MS/MS based newborn screening for abnormal acylcarnitine profiles is now being used in many countries worldwide. In most cases the acyl-carnitine profiles pinpoint specific diseases; however, not all acyl-carnitines can be distinguished routinely. For instance, the accumulation of C 4 -carnitine may represent butyryl-carnitine or isobutyrylcarnitine, or a mixture. Accumulation of butyryl-carnitine is suggestive of SCAD deficiency, an enzymatic defect that may cause severe clinical symptoms, while accumulation of isobutyryl-carnitine may indicate IBD deficiency, an enzymatic defect of yet unclear clinical relevance. It is therefore crucial that the mechanisms underlying abnormal acyl-carnitine profiles are investigated in detail. We examined four newborns with elevated C 4 -carnitine identified by newborn screening. Three newborns (A, C, and D) showed urinary excretions of isobutyryl-glycine, an indicator of IBD deficiency, and fibroblasts from two newborns (B and C) revealed an enzymatic IBD defect using in vitro probe analysis. These biochemical findings strongly suggested an IBD-related defect rather than SCAD deficiency, and genetic analysis demonstrated variations on both alleles of the IBD gene in all newborns. We identified seven new variations in the IBD gene, thus more than doubling the total number of published IBD variations to 13 (3, 11, 18) . So far, little is known about the prevalence of IBD deficiency, except that it has been detected in very few individuals (Table 1) . In this study, we investigated 830 Danish control alleles for the two variations, c.409GϾA and c.958GϾA, identified in newborn A, and found only one carrier of the c.409GϾA variation. We also estimated carrier frequencies of the IBD variations, c.348CϾA, c.455TϾC, c.400GϾT, c.1000CϾT, and c.1154AϾG, present in the US newborns (B, C, and D) and found none of these in 128 control alleles. Some of the recently reported IBD variations (Met128Ile in exon 4 (11); Pro148Leu in exon 4, and Arg330Trp in exon 9 (18)) are also located in the sequenced exons, and we found none of these to be present in the US control group. These findings indicate a diverse spectrum of IBD gene variations with no prevalent variations.
Functional studies of the IBD variations from newborn A demonstrated reduced activity (Ͻ 20% of wild type) of the IBD Ala320Thr enzyme, whereas no residual activity was detectable for the IBD Gly137Arg variant when overexpressed in Chang cells. This was supported by experiments in isolated mitochondria which showed reduced amounts of IBD Ala320Thr tetramers, suggesting that the Ala320Thr variation disturbed, but not destroyed, the protein folding. The Gly137Arg variant demonstrated a severely impaired folding without production of functional IBD tetramers, but with
